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Dopamine acutely stimulates Na+/H+ exchanger (NHE3)
endocytosis via clathrin-coated vesicles: dependence on protein
kinase A-mediated NHE3 phosphorylation
Abstract
Dopamine (DA) is a key hormone in mammalian sodium homeostasis. DA induces natriuresis via acute
inhibition of the renal proximal tubule apical membrane Na(+)/H(+) exchanger NHE3. We examined the
mechanism by which DA inhibits NHE3 in a renal cell line. DA acutely decreases surface NHE3
antigen in dose- and time-dependent fashion without altering total cellular NHE3. Although DA(1)
receptor agonist alone decreases surface NHE3, simultaneous DA(2) agonist synergistically enhances
the effect of DA(1). Decreased surface NHE3 antigen, caused by stimulation of NHE3 endocytosis, is
dependent on intact functioning of the GTPase dynamin and involves increased binding of NHE3 to the
adaptor protein AP2. DA-stimulated NHE3 endocytosis can be blocked by pharmacologic or genetic
protein kinase A inhibition or by mutation of two protein kinase A target serines (Ser-560 and Ser-613)
on NHE3. We conclude that one mechanism by which DA induces natriuresis is via protein kinase
A-mediated phosphorylation of proximal tubule NHE3 leading to endocytosis of NHE3 via
clathrin-coated vesicles.
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Abstract
Dopamine (DA) is a key hormone in mammalian Na homeostasis. DA induces
natriuresis via acute inhibition of the renal proximal tubule apical membrane Na/H
exchanger NHE3. We examined the mechanism by which DA inhibits NHE3 in a
renal cell line. DA acutely decreases surface NHE3 antigen in dose and time-
dependent fashion without altering total cellular NHE3. While DA1 receptor agonist
alone decreases surface NHE3, simultaneous DA2 agonist synergistically enhanced
the effect of DA1. Decreased surface NHE3 antigen is due to stimulation of NHE3
endocytosis, is dependent on intact function of the GTPase dynamin, and involves
increased binding of NHE3 to the adaptor protein AP2. The DA-stimulated NHE3
endocytosis can be blocked by pharmacologic or genetic PKA inhibition, or by
mutation of two PKA target serines (S560 and S613) on NHE3. We conclude that
one mechanism by which DA induces natriuresis is via PKA-mediated
phosphorylation of proximal tubule NHE3 leading to endocytosis of NHE3 via
clathrin-coated vesicles.
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Extracellular fluid volume and to a certain extent blood pressure in mammals
is determined by the balance between Na intake and renal Na excretion (1, 2). As
regulator of Na excretion, the intra-renal autocrine-paracrine dopamine (DA) system
assumes far greater importance than circulating endocrine or neurogenic dopamine
(3-6). DA is produced in the proximal tubule via decarboxylation of its precursor L-
dihydroxy-phenylalanine derived from the plasma and glomerular filtrate (7-9) and is
then secreted into the tubular lumen where it exerts its effects on multiple nephron
segments that cumulates in inhibition of tubular Na absorption and natriuresis. Renal
DA synthesis and excretion is increased by increased dietary salt and an intravenous
saline load (10-13) and blockade of DA synthesis or DA receptor significantly blunts
the natriuretic response (14-18). Quantitatively, the most significant inhibition of Na
transport occurs in the proximal tubule. DA inhibits proximal tubule Na absorption
partially by hemodynamic alterations (19-22) but the major effect is directly on the
tubule epithelium (23-26) via inhibition of two principal Na transporters: The apical
membrane Na/H exchanger NHE3 (27-33) and the basolateral Na-K-ATPase (34-
38). These effects are mediated by the DA receptor where five molecular isoforms
(DR1-like receptors: DR1 and DR5, and DR2-like receptors: DR2, DR3, DR4) have
been identified to date; all five isoforms are known to be present in the renal tubular
epithelium (39-43).
  Previous studies in isolated apical membrane vesicles have shown that DA
inhibits proximal tubule apical membrane Na/H exchange activity mainly via DR1-like
receptors (25-28, 30, 31, 33) through both PKA-dependent and PKA independent
mechanisms (27, 31). The Na/H exchanger on the apical membrane of the renal
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proximal tubule is encoded by NHE3 (44-46); one of the 7 members of the NHE
gene family (47). We have shown in OK cells that the DA1-like and DA2-like
receptors have synergistic actions on NHE3 activity and that inhibition of NHE3
activity by DA is accompanied by complex changes in NHE3 phosphorylation and
dephosphorylation (33). However, the mechanisms by which DA acutely reduces
NHE3 activity has not been examined. Redistribution of NHE3 transporters has been
shown to mediate regulation of NHE3 activity in intact kidney (48-54), in cultured
renal epithelial cells (55, 56) and transfected fibroblasts (57-64). In addition,
although NHE phosphorylation has been associated with changes in NHE3 activity
(52, 65-68) and phosphorylation appears to be functionally important for regulation
of NHE3 activity by pharmacologic activators of protein kinases in transfected
fibroblasts (65-67), the physiologic significance of NHE3 phosphorylation is still
undetermined. In this manuscript, we characterize one mechanism by which DA
acutely inhibits NHE3; the internalization of NHE3 secondary to PKA-mediated
NHE3 phosphorylation and NHE3 endocytosis via clathrin-coated vesicles.
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Methods
Cell culture, agonists, transfection and plasmid constructs. OK (opossum
kidney) cells were maintained in high glucose Dulbecco’s modified Eagle’s medium,
supplemented with Na  pyruvate (1 mM),  fetal bovine serum (10%, v:v),  penicillin
(100 units/ml), and streptomycin (100 :g/ml) and were rendered quiescent post-
confluence by serum removal for 48 hours prior to experimentation. Transient
transfections were performed with lipofectamine (Gibco, Gaithersburg MD).
Transfection efficiency was monitored by cotransfection with b-gal and staining cells
with X-gal as well as staining with anti-epitope (c-myc, HA) antibody (typically
$80%). Mammalian expression plasmids used in this study include: 1. C terminal c-
myc- and hexahistidine (6His)-tagged wild type opossum (NHE3/c-myc/6H), 2. C-
terminal enhanced green fluorescent protein (eGFP)-tagged NHE3 (NHE3/eGFP), 3.
 C terminal c-myc- and hexahistidine (6His)-tagged NHE3 with two mutated serines
S560A and S613A (NHE3S560A/S613A/c-myc/6H), 4.  Wild type dynamin (dynWT),
5. Dominant negative GTP-binding defective dynamin (dynK44A), 6. Cyclic AMP
binding-defective regulatory subunit of protein kinase A (RIImut). Agonists used
include dopamine (stabilized with 1.1 mM Na ascorbate) (Sigma, St. Louis. MO), the
DR1-specific agonist SKF38393 (Tocris, St. Louis, MO), the DR2-specific agonist
quinpirole  (Tocris, St. Louis, MO), DR1-specific antagonist SCH23390 (Research
Biochemicals, Natick, MA), the DR2-specific antagonist quinpirole (Tocris, St. Louis,
MO), 8-Br cAMP, and the PKA inhibitor H89. Commercial antisera include anti-c-
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myc (Invitrogen, Carlsbad CA) and anti-adaptin a (Santa Cruz, Santa Cruz, CA). To
disrupt activation of PKA by cAMP by RIImut a 5 min pulse of 5 mM 8Br-cAMP was
given to the cells 16 hrs post transfection to allow the dominant negative RIImut to
engage the native PKA-CSU. Experiments with dopamine were performed at 48 hrs
post-transfection.
Measurement of surface NHE3 antigen, NHE3 endocytosis and exocytosis. 
These assays were performed as previously described (56). To measure surface
NHE3, OK cells were surface labeled with biotin using a modification of the method
of Gottardi after addition of agonists (56, 69). After rinsing [PBS-Ca/Mg in mM: 150
NaCl 10 Na2HPO4 pH 7.40, 0.1 CaCl2, 1 MgCl2 ], cells were incubated with the
arginine and lysine reactive of NHS-SS-biotin (2 mg/ml; Pierce, Rockford, IL) in
buffer [in mM: 150 NaCl, 10  Triethanolamine (TEA) pH 7.4, 2 CaCl2], quenched
[PBS-Ca/Mg, with 100 mM glycine], and lysed in biotin-RIPA [150 NaCl. 50 Tris-
HCl pH 7.4, 5 EDTA, 1 %(v:v)Triton X-100, 0.5 %(w:v) deoxycholate, 0.1 % (w:v)
SDS]. Lysates were centrifuged (109,000 g @ rmax, 50,000 rpm, 25 mins, 2oC,
Beckman TLX/TLA 100.3 rotor, Fullerton, CA), and protein content i the supernatant
was quantified by the method Bradford. Equal amounts of cell lysate were
equilibrated with streptavidin-agarose (Pierce, Rockford, IL) at 4oC. Beads were
rinsed sequentially with solutions A [in mM: 50 Tris-HCl, pH 7.4, 100 NaCl, 5 EDTA],
B [in mM: 50 Tris-HCl, pH 7.4, 500 NaCl], and C [ 50 mM Tris-HCl, pH 7.4], and
biotinylated proteins were liberated by reduction incubation in 100 mM DTT,
reconstituted in Lemmli’s buffer, resolved by SDS-PAGE and electro-transferred to
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Imobilin. NHE3 antigen was quantified by labeling with either anti-NHE3 antiserum
#5683 or for experiments with exogenous c-myc tagged NHE3, a monoclonal anti-
c-myc was used (Invitrogen, Carlsbad, CA). Endocytosis was measured by a
protocol adapted and modified from the stage-specific MesNa-resistant and avidin-
protection endocytosis assays originally described by Carter and coworkers (56, 70).
OK cells were surface labeled with NHS-SS-biotin and quenched as described
above. Cells were then warmed to 37oC in the presence of DA or vehicle to allow
endocytosis to occur over 30 mins. Surface biotin was then saturated with avidin (50
mg/ml PBS) and washed with biocytin (50 mg/ml PBS), or alternatively, surface biotin
were cleaved with the small cell-impermeant reducing agent TCEP (Tris(2-
carboxyethyl)phosphine hydrochloride) (100 mM in 50 mM Tris pH 7.4). The freshly
endocytosed proteins bearing biotin were protected from either avidin saturation or
TCEP cleavage. Cells were then solubilized in RIPA and biotinylated proteins were
retrieved and assayed for NHE3 as described above. Avidin-protected fraction
measures early and late endocytosis as avidin cannot enter the constricted  necks of
clathrin-coated pits. TCEP-protected fraction measures late endocytosis as
complete excommunication from the exterior is required to prevent TCEP access.
Imaging of NHE3 in live cells. OK cells were plated on glass coverslips and
transfected with NHE3/eGFP. Cultures of transfected OK cells were maintained at
37°C for 48 hrs and fresh medium was replenished two hours prior the experiment.
Using a fluorescence microscope, living green fluorescent cells were selected before
the treatment as described previously (71). DA or vehicle were then added to the cell
medium. After the stated period of  incubation at 37°C, the same selected cells were
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identified again, and the pattern of expression of the different cotransporters was
compared to that before treatment. At least 6 experiments were performed for each
condition to evaluate the results.
Co-immunoprecipitation. Eighty percent confluent OK cells were transfected
with either wild type NHE3/c-myc/6H or NHE3S560A/S613A/c-myc/6H. Forty eight
hours post-transfection, OK cells were treated with either vehicle or DA.  After
washing with ice cold phosphate-buffered saline (TBS), cells were lysed with ice cold
RIPA buffer [in mM: 150 NaCl, 50 Tris-HCl pH 8.0, 5 EDTA, 1 EGTA; TritonX-100
1% (v:v); in mg/ml: 100 PMSF, 4 leupeptin, 4 aprotinin, 10 pepstatin]. The slurry was
cleared by centrifugation (109,000 gmax @ 50,000 rpm; 25 min; 4oC; Beckman TLX:
TLA 100.3 rotor), and the adaptin AP2  was immunoprecipitated with anti-adaptin a
[1:500 dilution] and protein A-Sepharose. After washing with RIPA buffer, the
antibody–antigen complex was eluted in SDS buffer [5 mM Tris-HCl pH 6.8,
10%(v:v) glycerol, 1%(w:v)b-mercaptoethanol, 0.1%(w:v)  SDS, 0.01%(w:v)
bromophenol blue], resolved on SDS-PAGE and transferred to nitrocellulose
membrane. NHE3 was quantified by immunoblot with anti-c-myc.
Results
DA decreases surface NHE3 protein. In the OK cell, DA decreases NHE3
protein in a time and dose-dependent fashion (Fig 1 and Fig 2).  Typical experiments
are shown in Figs 1A and 2A and the summarized data is shown in Fig 1B and 2B.
The dose-dependence (Fig 1) of decrease in surface NHE3 (half maximal decrease
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at 10-5 M and maximal decrease of 70% at 10-4 M measured after 30 mins DA) is
similar to that of DA-induced inhibition of NHE3 activity previously described (33).
The time-dependence (Fig 2) of decrease in surface NHE3 however is discrepant
with changes in NHE3 activity. While decrease in NHE3 activity is evident after 5
mins of DA (33), decrease in surface NHE3 is not detectable until after 30 mins.
There was no change in total cellular NHE3 within the experimental period (Fig 1A).
Identical results were obtained from studying native OKNHE3 protein or with OK cells
transiently expressing NHE3/c-myc/6H (not shown).
In addition to the biochemical biotin assay, we also examined the effect of DA
on NHE3 by imaging live cells. OK cells were transiently transfected with
NHE3/eGFP and fluorescent microscopy on live transfected cells showed NHE3 to
be a typical brush border protein with the characteristic punctate staining (Fig 3).
Addition of DA caused a time-dependent decrease in surface NHE3 with
appearance of a characteristic intracellular staining pattern (Fig 3). Within the 2 hrs of
fluorescent microscopic examination, no significant decrease in total cellular NHE3
was appreciated. This is compatible with the biochemical data presented above.
Addition of vehicle served as time control where no change in NHE3 distribution was
seen (Fig 3).
DA1 and DA2 act synergistically to decrease surface NHE3. Previous studies
have shown synergistic roles for DA1 and DA2 receptor agonism on NHE3 activity
(Wiederkehr). We next examined the relative roles of DA1 and DA2 receptors on
surface NHE3 antigen. DA1 agonist alone was effective in reducing surface NHE3,
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while DA2 alone was ineffective. The combination of DA1 and DA2 resulted in
greater reduction of surface NHE3 than DA1 alone. (Fig 4 A and B). To further
confirm these results, we used subtype-specific inhibitors to try to block the effect of
DA on surface NHE3 (Fig 4C and D). DA1 blockade abolished most of the DA-
induced decrease in surface NHE3 while DA2 blockade had minimal effect. These
findings are similar to the previously reported synergistic effect observed with the
inhibition of NHE3 activity by DA1 and DA2 agonists (33).
DA stimulates NHE3 endocytosis via a dynamin-dependent clathrin-coated
vesicle (CCV) pathway. NHE3 has been visualized in both the plasma membrane
and in intracellular compartments in both native kidney tissue and culture cells (48-
64) . The decrease in surface NHE3 in response to DA can be due to decreased
exocytotic insertion or increased endocytotic retrieval. We quantified endocytotic rate
biochemically with the MesNa-protection assay. Fig 5A &B shows that DA stimulated
NHE3 endocytosis by 58%. When cells were kept at 4oC to arrest trafficking, a small
amount of MesNa-protected NHE3 was visible. This likely reflects incomplete
cleavage of the NHS-biotin rather than endocytosis at 4oC (Fig 5A). This usually
represents <10% of the signal. The GTPase dynamin is required for both clathrin and
caveolin-mediated endocytosis (72, 73). We next co-transfected the GTP binding-
defective dominant-negative dynamin I (dynK44A) along with c-myc tagged NHE3
into OK cells and studied the effect of DA on surface NHE3 protein (Fig 6A).  Since
the read-out in this assay is with the anti-c-myc antisera which does not react with
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the native NHE3, only transfected cells were selectively studied. While cells
transfected with wild type dynamin (dynWT) showed normal down-regulation of
surface NHE3 by DA, cells transfected with dynK44A failed to respond to DA (Fig 6A
& B). A key component of the clathrin-coated vesicle endocytotic pathway is family
of adaptor proteins (AP’s) (73, 74). We next examined the association of NHE3 with
the adaptor protein AP2 by co-immunoprecipitation. Fig 7A shows that DA increased
the amount of NHE3 bound to total cellular AP2. In fact, the association of NHE3 to
AP2 is barely detectable without DA.   In sum, our data indicate that DA shifts NHE3
from the plasma membrane to endocytic vesicles via a dynamin and AP2-dependent
process. 
DA-stimulated NHE3 endocytosis is dependent on NHE3 phosphorylation by
PKA. To examine the role of PKA in DA-induced NHE3 endocytosis, PKA was
inhibited either pharmacologically or genetically. In the presence of 10-6 M H89, DA
failed to decrease surface NHE3 (Fig 8). As a second approach to ensure specific
inhibition of PKA only, a dominant negative PKA regulatory subunit (RIImut) was
used to constitutively sequester all catalytic PKA subunits. RIImut binds
stoichiometrically to the catalytic subunit but is devoid of both cAMP binding sites
and hence does not release its pseudo substrate inhibition even in high ambient
cAMP concentrations (66, 75). In the background of RIImut, DA was unable to
decrease surface NHE3 (Fig 8B). These data indicate that intact PKA is necessary
for DA to decrease surface NHE3. Note that in these experiments, we pulsed the
cells with 5 mM 8Br-cAMP for 5 mins 16 hrs prior to exposure to DA or vehicle to
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allow RIImut to engage and sequester native PKA-CSU. Of interest is the fact that
the brief 8Br-cAMP pulse appears to amplify the  DA effect. The mechanism for this
effect is not known at present.
Although NHE3 is a substrate for PKA (65, 66, 76), we have not proven that
NHE3 phosphorylation by PKA is necessary for DA to decrease surface NHE3.
Previous studies have mapped target serines (Ser552 and Ser605) on the
cytoplasmic domain of rat NHE3 as functionally significant PKA substrates (65, 66).
These serines are situated in highly conserved regions of NHE3 (Fig 9). To examine
the role of NHE3 phosphorylation in mediating NHE3 endocytosis, we eliminated
both corresponding phosphoserines in OK-NHE3 (Ser560 and Ser613) by mutation
to alanines and examined for the DA-induced decrease in surface NHE3 (NHE3
mutant: NHE3S560A/ S613A.  Fig 10A shows that surface NHE3S560A/ S613A 
antigen is not regulated by DA. To further confirm this finding, we epitope-tagged
NHE3S560A/ S613A with c-myc and NHE3-WT with HA and co-transfected both
cDNA’s into OK cells so both proteins can be monitored simultaneously in the same
cells. Fig 10B shows that NHE3S560A/ S613A does not undergo changes in
distribution in response to DA while NHE3-WT in the exact same cells internalized in
response to DA. Fig 10C summarizes the data. Fig 10D shows the effect of DA on
NHE3S560A/ S613A/eGFP in transiently-transfected live OK cells. Note that the
DA-induced internalization pattern seen in Fig 3 is completely abolished with the
double serine mutants. To examine at which step does the serine mutations arrest
endocytosis, we repeated the co-immunoprecipitation studies with AP2 using
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NHE3S560A/ S613A. As shown in  Figure 7B, the two serine mutations virtually abolished
AP2 binding to NHE3. These studies support the model that NHE3 phosphorylation
by PKA is necessary for its endocytotic retrieval.
 
Discussion
In addition to its role in maintaining Na homeostasis under normal conditions
(3-18), defects in the renal paracrine/autocrine DA axis as been demonstrated and
postulated to contribute to certain forms of polygenic hypertension in both rodents
(77-86) and humans (87-92). In the proximal tubule where 50-60% of NaCl and
water are reabsorbed, DA inhibits the basolateral membrane Na+-K+-ATPase (34-
38) which is primary driving force for transepithelial Na+ absorption. In addition, DA
also inhibits two apical Na+-coupled transporters, the Na+-coupled inorganic
phosphate transporter (92-96) and the Na+/H+ exchanger NHE3 (27-33). In addition
to transcellular Na+ flux, inhibition of NHE3 also reduces the driving force for
paracellular NaCl transport (97). In concert, these mechanisms potently inhibit
proximal tubule NaCl reabsorption.
NHE3 is regulated acutely by a variety of hormones (98-99). The acute
response of NHE3 to DA follows a biphasic response similar to that of parathyroid
hormone previously described in rat kidney (52) and in OK cells (56). While inhibition
of NHE3 activity is evident within 5 minutes of DA application (33), decreases in
surface NHE3 antigen is not detectable until after 30 mins. The mechanism of the
immediate reduction of NHE3 activity is not known. This manuscript focuses on the
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second phase of the response that involves decreases in surface NHE3 antigen. 
During the first hour after DA application, there is no decrease in total cellular
NHE indicating that the reduction in surface NHE3 is due entirely to redistribution of
NHE3 protein. The decrease of plasma membrane NHE3 is secondary to stimulation
of endocytosis as evident by the increase in MesNa-protected fraction of NHE3.
Endocytotic retrieval is a well described mode of internalization of plasma membrane
proteins, ligand receptor complexes, and extracellular fluid phase constituents. Four
categories of pinocytotic processes have been proposed: Macropinosome, non-
coated vesicles, caveolae, and clathrin-coated vesicles (100). The current data
suggest involvement of both the caveolae and clathrin-coated vesicle pathway for
NHE3. Two components will be considered; 1. Endocytosis of NHE3 under baseline
conditions, 2. Endocytosis of NHE3 in response to DA.
 Presence of a MesNa-protected NHE3 signal in the absence of DA indicates
the existence of baseline NHE3 endocytosis. Intact dynamin function is absolutely
necessary for the formation and discharging of clathrin-coated vesicles (101, 102). In
addition, dynamin is also involved in other trafficking events such as caveolin-
mediated endocytosis (103, 104) and budding from the Golgi complex (105).
DynK44A is expected to block all dynamin-dependent processes (102). The net effect of
dynK44A in the absence of DA was higher levels of surface NHE3 protein (Fig 6A &
B). Adaptin is believed to be the mediator that directs and initiate the assembly of the
clathrin triskeleton and coated pit in the vicinity of the protein targeted to be retrieved
(72, 102, 106). The total absence of NHE3-adaptin association in the absence of DA
suggests that the clathrin-coated pathway is not involved with baseline NHE3
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retrieval.  
The DA-induced increase in NHE3 endocytosis has two associated features;
it is completely dependent on dynamin and it involves formation of an NHE3/AP2
adaptin complex. In concert, these findings suggest that the DA-induced NHE3
endocytosis proceeds via the clathrin coated vesicle pathway.  A similar association
of the Na+/K+-ATPase with adaptin AP2 has been described in response to DA
(106). Based on the current immunoprecipitation data, one cannot distinguish
whether the adaptin complex binds directly to NHE3 or whether other immediate
proteins are involved. The primary sequence of the cytoplasmic domain of NHE3
potentially harbors all four of the endocytotic sorting signals identified to date (107-
112): 1. Tyrosine-based, 2., Di-leucine-based, 3. Near C-terminal phosphoserine-
rich domain, 4. Ligand-induced phosphoserine related to ubiquitination. The fact that
the double-serine mutant NHE3 completely failed to bind to AP2 irrespective of
addition of DA suggest that NHE3 phosphorylation is necessary for the NHE3/AP2
association. Several facts remain elusive. It is unknown whether phosphorylation of
S552 and S605 is sufficient for NHE3/AP2 association. It is conceivable that factors
other than NHE3 phosphorylation are required. It is also unknown whether NHE3
directly binds to AP2.  The fact that AP2 and clathrin can form cages in vitro with
liposomes suggests membrane proteins may be irrelevant (113, 114). 
The acute inhibition of NHE3 and Na+/K+-ATPase activities by DA is
dependent on both DR1 and DR2 receptors (33, 36, 37). The DA-induced acute
decrease in surface NHE3 is also dependent on both DR1 and DR2 receptors. DR1 
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alone appears to be sufficient to incur an effect while DA2 alone is not. However,
simultaneous DA1 and DA2 receptors activation produces a synergistic effect. This
pattern is identical to that described for decreases in NHE3 activity (33). The
signaling pathways mediating NHE3 inhibition by DA is still controversial. The
contribution of the DA1-Gas-adenylyl cyclase-protein kinase A axis is the only
undisputed pathway (27, 31) although non-PKA cascades are most certainly
involved (31, 33, 115). In this manuscript, we focused only on the PKA pathway.
There is a difference in PKA-dependence between the acute inhibition of NHE3
activity and acute decrease in NHE3 surface antigen. While there appears to be a
PKA-independent component of acute inhibition of NHE3 activity by DA, the DA-
induced decrease in NHE3 surface protein is completely blocked by either
pharmacologic inhibition or pseudosubstrate inhibition by the regulatory subunit of
PKA. The downstream target of PKA in mediating NHE3 endocytosis may be diverse
but at least one of the required event for NHE3 endocytosis is phosphorylation of
NHE3 by PKA. Two serines previously shown to be PKA substrates in the rat
homologue (65, 66) are well conserved across multiple mammalian NHE3’s. The
functional significance of NHE3 phosphorylation has previously been shown in
NHE3-transfected fibroblasts subjected to pharmacologic activation of kinases (65-
67). The current data is the first demonstration that NHE3 phosphorylation is
important for hormonal regulation in a renal epithelial cell line. PKA phosphorylation
of NHE3 is required at a very early step in the endocytotic pathway.
In summary, we propose the following model of acute regulation of plasma
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membrane NHE3 trafficking in response to DA in renal epithelia. At baseline, a
constitutive NHE3 endocytotic rate exists via the caveolae pathway. Upon stimulation
by DA, one critical signaling pathway is PKA activation. Phosphorylation of plasma
membrane NHE3 by PKA is a necessary event for assembly of AP2 around NHE3
followed by invagination, severance, and discharge of a clathrin-coated vesicle
sending NHE3 to the endosomal compartment.  This cascade of events is
fundamental to understanding mechanisms of DA-induced natriuresis in mammalian
Na+ homeostasis.
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Figure legends
Figure 1:  Effect of DA on surface and total cellular NHE3 in OK cells: Dose-
dependence. OK cells were rendered quiescent, and the stated concentration
dopamine was added for 30 mins.  Monolayers were biotinylated and surface
proteins were retrieved from the cell lysate by streptavidin precipitation. NHE3
protein abundance was quantified by immunoblot with anti-OK-NHE3. n= sets of
dose-responses. Bar and error bars = mean and standard error. (A) Typical
experiment. (B) Summary of all experiments on surface NHE3. n=6. Asterisk indicate
p < 0.05 compared to control (ANOVA). 
Figure 2. Effect of DA on surface NHE3 in OK cells: Time-dependence. OK cells
were rendered quiescent, and dopamine (10-5M) was added for the stated period of
time.  Monolayers were biotinylated and surface proteins were retrieved from the cell
lysate by streptavidin precipitation. NHE3 protein abundance was quantified by
immunoblot with anti-OK-NHE3. n= sets of time-responses. Bar and error bars =
mean and standard error.(A) Typical experiment. (B) Summary of all experiments.
n=4. Asterisk indicate p < 0.05 compared to control (ANOVA).
Figure 3: Effect of DA on NHE3/eGFP in OK cells: Live cell imaging. NHE3 bearing a
C-terminal eGFP tag was expressed in OK cells and treated with either DA (10-5M)
or vehicle. Fluorescent whole cell images were obtained at the indicated times. Six
sets of experiments showed similar responses.
Figure 4: Differential and synergistic effects of DR1 and DR2 receptors agonism and
antagonism. OK cells were rendered quiescent, and the agonists (Dopamine 10-5M,
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DR1: SKF38393 10-5M, DR2: quinpirole 10-5M) and/or antagonists (DR1: 
SCH23390 10-5M, DR2: sulpiride 10-5M) were added for 30 mins.  Monolayers
were biotinylated and surface proteins were retrieved from the cell lysate by
streptavidin precipitation. NHE3 protein abundance was quantified by immunoblot
with anti-OK-NHE3.  n= number of sets of experiments. Bar and error bars = mean
and standard error. Asterisk indicate p < 0.05 compared to control (ANOVA).(A)
Typical experiment with DR1 and/or DR2 agonists. (B) Summary of all experiments
with DR1 and/or DR2 agonists. n=5. (C)  Typical experiment with DR1 and/or DR2 
antagonists. (D) Summary of all experiments with DR1 and/or DR2 antagonists. n= 5.
Figure 5 : Effect of DA on NHE3 endocytotic rate: MesNa-protection assay. 
Quiescent OK were surface-labeled with NHS-SS-biotin and endocytosis was
initiated in the presence either DA or vehicle at 37oC for 40 mins. Cells were then
cooled at 4oC, and exposed biotin was cleaved with MesNa. Biotinylated proteins
protected from MesNa were retrieved by strepavidin-agarose precipitation and NHE3
was quantified by immunoblot with anti-OKNHE3.  Parallel control experiments were
performed at 4oC where endocytosis was arrested. n= sets of experiments. Bar and
error bars = mean and standard error. Asterisk indicates p < 0.05 compared to
control (unpaired t-test). (A) Typical experiment. (B) Summary of experiments at
37oC. n=4. 
Figure 6: Effect of DA on surface NHE3: Dependence on dynamin. OK cells were
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co-transfected with NHE3/c-myc along with either wild type dynamin (dynWT)or
K44A dominant negative dynamin (dynK44A). DA (10-5M 30 mins) was added.
Monolayers were biotinylated and surface proteins were retrieved from the cell lysate
by streptavidin precipitation. NHE3 protein abundance was quantified by immunoblot
with anti-c-myc. n= sets pf experiments. Bar and error bars = mean and standard
error. Asterisk indicates p < 0.05 compared to control (ANOVA).  (A) Typical
experiment. (B) Summary of all experiments. n= 4.
Figure 7: Effect of DA on association of NHE3 with adaptin AP2: Co-
immunoprecipitation. (A) Native NHE3. Quiescent OK cells were treated with either
DA (10-5M 30 mins) or vehicle, lyzed, and adaptin was immunoprecipitated with
anti-adaptina. The immune complex was resolved by SDS-PAGE and probed with
either anti-NHE3 or anti-adaptin a. (B) Wild type NHE3 vs. NHE3S560A S613A. OK
cells were transfected with either wild type or mutant NHE3/c-myc, treated with
either DA (10-5M, 30 mins) or vehicle, lyzed, and adaptin was immunoprecipitated
with anti-adaptin a. The immune complex was resolved by SDS-PAGE and probed
with either anti-c-myc or anti-adaptin a. Three sets of experiments showed the
same results. 
Figure 8: Effect of DA on surface NHE3: Dependence on PKA. In the background of
PKA inhibition, DA (10-5M, 30 mins) or vehicle-treated cells were surface-labeled
with biotin and surface proteins were retrieved from the cell lysate by streptavidin
precipitation. NHE3 protein abundance was quantified by immunoblot.  n= number of
sets of experiments. Bar and error bars = mean and standard error. Asterisk
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indicates p < 0.05 compared to control (ANOVA). (A) Typical experiment where PKA
was inhibited by 10-6M H89 and the effect of DA on native NHE3 was studied. (B)
Summary of all experiments. n=3. (C) Typical experiment where OK cells were
transfected with NHE3/c-myc +/- a cAMP-binding defective dominant negative
regulatory subunit of PKA (RIImut). The effect of DA on NHE3/c-myc was studied.
(D) Summary of all experiments. n= 4.
Figure 9: Alignment of NHE3 sequence. Single amino acid abbreviations of amino
acids  flanking rat NHE3 Ser552 and Ser605 in seven species. The bovine clone was
a partial cDNA.
Figure 10: Effect of DA on surface NHE3: Dependence on NHE3 phosphorylation. 
OK cells were transfected with either wild type NHE3 or NHE3 harboring two point
mutations (S560A and S613A). DA (10-5M, 30 mins) or vehicle-treated cells were
surface-labeled with biotin and surface proteins were retrieved from the cell lysate by
streptavidin precipitation. NHE3 protein abundance was quantified by immunoblot
with anti-c-myc.   n= number of sets of experiments. Bar and error bars = mean and
standard error. Asterisk indicates p < 0.05 compared to control (ANOVA). (A) Typical
experiment (B) Summary of all experiments. n= 3. Bar and error bars = mean and
standard error. Asterisk indicates p < 0.05 compared to control (unpaired t-test). (C)
Either wild NHE3/eGFP or  NHE3/eGFP bearing two serine mutations (S560A and
S613A)  was expressed in OK cells and treated with either DA (10-5 M) or vehicle.
Fluorescent whole cell images were obtained of whole live cells. Three sets of
experiments showed similar responses.
 at H
auptbibliothek Universitaet Zuerich Irchel. Bereich Forschung, on February 8, 2010
w
w
w
.jbc.org
D
ow
nloaded from
 
References
1. Hollenberg N.K. (1980) Kidney Int. 17:423-429.
2. Simpson F.O.  (1988) Lancet 2:25-29.
3. Ball S.G., Lee M.R.  (1977) Br. J. Clin. Pharmacol. 4:115-118.
4. Jose P.A., Felder R.A., Holloway R.R., Eisner G.M. (1986) Am. J. Physiol. 
250:F1033-F1038, .
5. Jose P.A., Jolloway R.R., Campbell T.W., Eisner G.M. (1988) Nephron 48:54-57.
6. Siragy H.M., Felder R.A., Howell N.L., Chevalier R.L., Peach M.J., Carey R.M.
(1989) Am. J. Physio.l 257:F469-F477.
7. Chan Y.L. (1976) J. Pharmacol. Exp. Ther. 199:17-24.
8. Baines A.D., Chan W.  (1980) Life Sci. 26:253-259.
9. Hayashi M., Yamaji Y., Kitajima W., Saruta T. (1990) Am. J. Physiol. 258:F28-
F33. 
10. Alexander R.W., Gill J.R., Tamabe H., Lovernberg W., Keiser H.R.. (1974) J.
Clin. Invest. 54:194-200.
11. Sowers J.R., Crane P.D., Beck F.W., McClanahan M., King M.E., Mohanty P.K.
 (1984) Endocrinology 115:2085-2090.
12. Goldstein D.S., Stull R., Eisenhofer G., Gill J.R. Jr. (1989) J. Clin. Sci. 76:517-
22.
13. Hayashi M., Yamaji Y., Kitajima W., Saruta T. (1991) Am. J. Physiol. 260:E675-
E679. 
 at H
auptbibliothek Universitaet Zuerich Irchel. Bereich Forschung, on February 8, 2010
w
w
w
.jbc.org
D
ow
nloaded from
 
14. Pelayo J.C., Fildes R.D., Eisner G.M., Jose P.A. (1983) Am. J. Physiol. 
245:F247-F253.
15. Krishna G.G., Danovitch G.M., Beck F.W., Sowers J.R. (1985) J. Lab. Clin. Med. 
105:214-218.
16. Corruzi P., Biggi A., Musiari L., Ravanetti C., Vescovi P.P., Novarini A. (1986)
 Clin. Sci. 70:523-526,.
17. Hedge S.S., Jadhav A.L, Lokhandwala M.F. (1989) Hypertension 13:828-834.
18. Hansel l.P., Fasching A. (1991) Kidney Internat. 39:253-258.
19. McDonald R.H., Goldberg L.I., McNay J.L., Tuttle E.P. (1964) J. Clin. Invest. 
43:1116-1124.
20. Davis B.B., Walter M.J. , Murdaugh H.V.  (1968) Proc. Soc. Exp. Biol. Med. 
129:210-213.
21. Hollenberg N.K., Adams D.F., Mendell P., Abrams H.L., Merrill J. (1973) Clin. Sci.
Mol. Med. 45:733-42. 
22. Chapman B.J., Horn N.M., Munday K.A., Robertson M.J. (1980) J. Physiol. 
298:437-452.
23. Bello-Reuss E., Pastoraiza-Munoz E., Colindres R.E. (1977) Am. J. Physiol.
 232:F26-F32. 
24. Laradi A., Sakhrani L.M., Massry S.G. (1986) Mineral. Elec. Metab. 12:303-307.
25. Hagiwara, N., Kubota T.. Kubokawa M., Fujimoto M. (1990) Jpn. J. Physiol. 
40:351-368.
26. Baum M., Quigley R. (1998) Kidney Internat. 54:1593-1600.
27. Felder C.C., Campbell T.,  Albrecht F., Jose P. (1990) Am. J. Physiol. 259:F297-
 at H
auptbibliothek Universitaet Zuerich Irchel. Bereich Forschung, on February 8, 2010
w
w
w
.jbc.org
D
ow
nloaded from
 
F303.
28. Gesek F., Schoolworth A.  (1990) Am. J. Physiol.  258:F514-F521.
29. Winaver J., Burnett J.C., Tyce G.M., Dousa T.P. (1990) Kidney Internal. 
38:1133-1140.
30. Jadhav, A.L., Liu Q. (1992) Clin. Exp. Hypertension A14:653-666.
31. Felder, C.C., Albrecht F.E., Campbell T., Eisner G.M., Jose P.A.  (1993) Am. J.
Physiol. 263:F1031-F1037.
32. Sheikh-Hamad, D., Wang, Y.P., Jo O.D., Yanagawa, N. (1993) Am. J. Physiol.
 264:F737-F743.
33. Wiederkehr, M.R., Di Sole, F., Fan, L., Hu, M.C., Collazo, R., Murer, H., Helmle-
Kolb, C., Moe, O.W. Kidney Internat., in press.
34. Aperia, A., Bertorello, A., Seri, I. (1987) Am. J. Physiol. 252:F39-F45.
35. Bertorello, A.M., Hopfield, J.F., Aperia, A., Greengard, P. (1988) Am. J. Physiol.
 254:F795-F801.
36. Bertorello, A., Aperia, A.  (1988) Acta. Physiol. Scand. 132:441-443.
37. Bertorello, A., Aperia, A. (1990) Am. J. Physiol. 259:F924-F928.
38. Bertorello, A., Aperia, A. (1990) Am. J. Hyperten. 3:51S-54S.
39. Felder, C,C,, McKelvey, A,M,, Gitler, M.S., Eisner, G.M., Jose, P.A. (1989)
 Kidney Internat. 36:183-193. 
40. Takemoto, F., Satoh, T., Cohen, H.T., Katz, A.I. (1991) Pflugers Arch. 419:243-
248. 
41. Lokhandwala, M.F., Amenta, F. (1991) FASEB J. 5:3023-3030.
42. Jose, P.A., Raymond, J.R., Bates, M.D., Aperia, A., Felder, R.A., Carey, R.M.
 at H
auptbibliothek Universitaet Zuerich Irchel. Bereich Forschung, on February 8, 2010
w
w
w
.jbc.org
D
ow
nloaded from
 
(1992) J. Am. Soc. Nephro. l2:1265-1278,.
43. Amenta, F. Clin,. Exp. Hyperten. (1997) 19:27-41.
44. Biemesderfe,r D., Pizzonia, J. , Abu-Alfa, A., Exner, M., Reilly, R., Igarashi, P.,
Aronson, P.S. (1993) Am. J. Physiol. 265:F736-F742. 
45. Amemiya, M, Loffing, J., Lötscher, M., Kaissling, B., Alpern, R.J., Moe, O.W.
 Kidney Internat. (1995) 48:1206-1215.
46. Biemesderfer, D., Rutherford, P.A., Nagy, T., Pizzonia, J.H., Abu-Alfa, A.K., 
 at H
auptbibliothek Universitaet Zuerich Irchel. Bereich Forschung, on February 8, 2010
w
w
w
.jbc.org
D
ow
nloaded from
 
Aronson, P.S.  (1997) Am. J. Physiol. 273:F289-F299.
47. Wakabayashi, S., Shigekawa, M., Pouyssegur.  (1997) Physiol. Rev., 77:51-74.
48. Zhang, Y., Mircheff, A.K., Hensley, C.B., Makyar, C.E., Warnock, D.G.,
Chambrey, R.  Yip, K.P., Marsh, D.J., Holstein-Rathlou, N.H., and McDonough, A.A.
(1996) Am. J. Physiol. 270:F1004-F1014.
49. Zhang, Y., Magyar, C.E., Norian, J.M., Holstein-Rathlou, N.H., Mircheff,  A.K.
and McDonough A.A. Reversible effects of acute hypertension on proximal tubule
sodium transporters. (1998) Am. J .Physiol. 274:C1090-C1100.
50. Zhang, Y.B., Magya,r C.E., Holstein-Rathlou, N.H., McDonough, A.A. (1998) J.
Am. Soc. Nephrol. 9:531-537.
51. Yip, K.P., Tse, C.M., McDonough, A.A., Marsh, D.J. (1998) Am. J. Physiol. 
275:F565-575.
52. Fan, L., Wiederkehr, M.R., Collazo, R., Huang, H., Crowder, L.A., Moe,
O.W.(1999) J. Biol. Chem., 274:11289-11295.
53. Zhang, Y., Norian, J.M., Magya,r C.E., Holstein-Rathlou, N.H., Mircheff, A.K.,
McDonough, A.A. (1999) Am. J. Physiol. 276:F711-719.
54. Magyar, C.E., Zhang, Y., Holstein-Rathlou, N.H., McDonough, A.A. (2000) Am.
J. Physiol. 279:F358-369.
55. Yang, X., Amemiya, M., Peng, Y., Moe, O.W., Priesig, P.A., Alpern, R.J. (2000)
Am. J. Physiol. 279:C410-419.
56. Collazo, R., Fan, L., Zhao, H., Wiederkehr, M.R., Moe, O.W. (2000) J. Biol.
Chem., 276:31601-31608.
57. D’Souza, S., Garcia-Cabado, A., Yu, F., Teter, K., Lukacs, G., Skorecki, K.,
 at H
auptbibliothek Universitaet Zuerich Irchel. Bereich Forschung, on February 8, 2010
w
w
w
.jbc.org
D
ow
nloaded from
 
Moore, H.P., Orlowski, J., Grinstein, S. (1998) J. Biol. Chem. 273:2035-2043.
58. Kurashima, K., Szabo, E.Z., Lukacs, G., Orlowski, J., Grinstein, S.  (1998) J. Biol.
Chem. 273:20828-20836.
59. Janecki, A.J., Montrose, M.H., Zimniak, P., Zweibaum, A., Tse, C.M., Khurana,
S., Donowitz, M. (1998) J. Biol. Chem. 273:8790-8798. 
60. Kurashima, K., D’Souza, S., Szaszi, K., Ramjeesingh, R., Orlowski, J., Grinstein,
S. (1999) J. Biol. Chem. 274:29843-29849. 
61. Chow, C.W., Khurana, S., Woodside, M., Grinstein, S., Orlowski, J. (1999) J.
Biol. Chem. 274:37551-37558.
62. Janecki, A.J., Janecki, M., Akhter, S., Donowitz, M.(2000) J. Biol. Chem. 
275:8133-8142.
63. Akhter, S., Cavet, M.E., Tse, C.M., Donowitz, M.  (2000) Biochemistry 39:1990-
2000.
64. Szaszi, K,, Kurashima, K., Kapus, A., Paulsen, A., Kaibuchi, K., Grinstein, S.,
Orlowski, J.  (2000) J. Biol. Chem. 275:28599-28606 
65. Kurashima, K., Yu, F.H., Cabado, A.G., Szabó, E.Z, Grinstein, S., Orlowski, J.
(1997) J. Biol. Chem. 272:28672-28679.
66. Zhao, H., Wiederkehr, M.R., Collazo, R., Fan, L., Crowder, L.A., Moe, O.W.
(1999) J. Biol. Chem., 274:3978-3987.
67. Wiederkehr, M.R., Zhao, H., Moe, O.W.  (1999) Am. J. Physiol. 276:C1205-
1217.
68. Peng, Y., Moe, O.W., Chu, T.S., Preisig, P.A., Yanagisawa, M., Alpern,
R.J.(1999) Am. J. Physiol. C938-C945.
 at H
auptbibliothek Universitaet Zuerich Irchel. Bereich Forschung, on February 8, 2010
w
w
w
.jbc.org
D
ow
nloaded from
 
69. Gottardi, C.J., Dunbar, L.A., Caplan, M.J. (1995) Am. J. Physiol. 268:F285-F295.
70. Carter, L.L., Redelmeier, T.E., Woollenweber, L.A., Schmid, S.L.  (1993) J. Cell.
Biol. 120:37-40.
71. Karim-Jimenez, Z., Hernando, N., Biber, J., Murer, H. (2000) Proc. Natl. Acad.
Sci. USA 97:12896-12901.
72. Schmid, S.L.(1997) Ann. Rev. Biochem. 66:511-548.
73. Vallee, R.B., Herskovits, J.S., Aghajanian, J.G., Burgess, C.C., Shpetner, H.S.
(1993) Ciba Found Symp 176:185-193.
74.  Robinson, M.S., Hirst, J. (1998) Biochem. Biophy. Acta 1404:173-193.
75. Clegg, C.H., Correll. L.A., Cadd, G.G., McKnight, G. S. (1987) J. Biol. Chem. 
262:13111-13119.
76. Moe, O.W., Amemiya, M., Yamaji, Y. (1995) J. Clin. Invest. 96:2187-2194.
77.  De Feo, M.L., Jadhav, A.L., Lokandwala, M.F. (1987) Clin. Exper. Hyperten. A9,
2049-2060.
78. Ohbu, K., Kaskel, F.J., Kinoshita, S., Felder, R.A.(1995) Am. J. Physiol. 
268:R231-R235.
79. Nishi, A., Eklöf, A.C., Bertorello, A.M., Aperia, A. (1993) Hyperten 21:767-771.
80. Felder, R.A., Kinoshita, S., Sidhu, A., Ohbu, K., Kaskel, F.J.(1990) Am. J.
Hyperten. 3:96S-99S.
81. Jose, P.A., Eisner, G.M., Drago, J., Carey, R.M., Felder, R.A.(1996) 9:400-405.
82. Kinoshita, S., Sidhu, A., Felder, R.A. (1989) J. Clin. Invest. 84:1849-1856.
83. Racz, K., Kuchel, O., Buu, N., Tenneson, S.(1986) Circ. Res. 58:889-997.
84. Felder, R.A., Kinoshita, S., Ohbu, K., Mouradian, M., Sibley, D.R., Monsma, F.J.
 at H
auptbibliothek Universitaet Zuerich Irchel. Bereich Forschung, on February 8, 2010
w
w
w
.jbc.org
D
ow
nloaded from
 
Jr, Minowa, T., Minowa, M.T., Canessa, J.M., Jose, P.A.  (1993) Am. J. Physiol. 
264:R726-R732.
85. Sidhu, A., Vachvanichsanong, P., Jose, P.A., Felder, R.A.(1992) J. Clin. Invest. 
89:789-793.
86. Horiuchi, A., Albrecht, F., Eisner, G.M., Jose, P.A., Felder, R.A.  (1992) Am. J.
Physiol.. 263:F1105-F1111.
87. Barbeau, A. (1970) Can. Med. Asssoc. J., 103:824-832.
88. Lee, M.R. (1989) Clin.. Exp. Theory Practice. A11(sup1), 149-158. 
89. Williams, G., Gordon, M.S., Stuenkel, C.A., Conlin, P.R., Hollenberg, N.K. (1990)
 Am J Hypertension 3:112S-115S.
90. Yoshimura, M., Ikegaki, I., Nishimura, M.,Takahashi, H.  (1990) J. Auton.
Pharmacol. 10:S67-S72.
91. Lee, M.R. (1993) Clin Sci 84:357-375.
92. Imura, O. (1996) Jpn. Heart J. 37:815-828.
93. Glahn, R.P., Onsgaad, M.J. , Tyce, G.M., Chinnow, S.L., Knox, F.G. (1993) Am.
J. Physiol. 264:F614-F622.
94. Perrichot, R., Garcia-Ocaña, A. , Couette, S. , Comoy, E., Amiel, C. ,
Friedlande,r G.(1995) Biochem. J. 312; 433-437.
95. Lederer, E.D., Sohi, S.S., McLeish, K.R.. (1998 ) J. Am. Soc. Nephrol 9:975-985.
96. Baines, A.D., Drangova, R. (1998) J. Am. Soc. Nephrology, 9:1604-1612.
97. Rector, F.C. Jr.(1983) Am. J. Physiol. 244:F461-F471.
98. Moe, O.W. (1997) Curr. Opin. Nephrology Hyperten. 6:440-446.
99. Moe, O.W.  (1999) J. Am. Soc. Nephrology. 10:2412-2425.
 at H
auptbibliothek Universitaet Zuerich Irchel. Bereich Forschung, on February 8, 2010
w
w
w
.jbc.org
D
ow
nloaded from
 
100. Lamaze, C., Schmid, S.L. (1995) Curr. Opin. Cell Biol. 7:573-580.
101. Damke, H., Baba, T., Warnock, D.E., Schmid, S.L. (1994) J. Cell Biol. 127:915-
934.
102. Schmid, S.L., McNiven, M.A., De Camilli, P. (1998) Curr. Opin. Cell Biol.
 10:504-512.
103. Henley, J.R., Krueger, E.W.A., Oswald, B.J., McNiven, M.A. (1998) J. Cell Biol. 
141:85-99.
104. Oh, P., Mcintosh, D.P., Schnitzer, J.E.. (1998) J. Cell Biol. 141:101-114.
105. Jones, S.M., Howell, K.E., Henley, J.R., Cao, H., McNiven, M.A. (1998) Science 
279:573-577.
106. Ogimoto, G., Yudowski, G.A., Barker, C.J., Kohler, M., Katz, A.I., Feraille, E.,
Pedemonte, C.H., Berggren, P.O., Bertorello, A.M.  (2000) Proc. Natl. Acad. Sci.
USA 97:3242-3247.
107. Hirst, J., Robinson, M.S. (1998) Biochim. Biophy. Acta 1404:173-193.
108. Kirchhausen, T., Bonifacino, J.S., Riezman, H.(1997) Curr. Opin.Cell Biol. 
9:488-495.
109. Ferguson, S.S., Caron, M.G. (1998) Semin. Cell Dev. Biol. 9:119-127.
111. Hicke, L., Zanolari, B., Riezman, H. (1998) J. Cell Biol. 141:349-358. 
112. Govers, R., Broeke, T., van Kerkhof, P., Schwartz, A.L., Strous, G.J. (1999)
EMBO J. 18:28-36.
113. Takei, K., Haucke, V., Slepnev, V., Farsad, K., Salazar, M., Chen, H., De
Camilli, P.  (1998) Cell 94:131-141.
114. Zhu, Y., Traub, L.M., Kornfeld, S.  (1999) Mol. Biol. Cell 10:537-549.
 at H
auptbibliothek Universitaet Zuerich Irchel. Bereich Forschung, on February 8, 2010
w
w
w
.jbc.org
D
ow
nloaded from
 
115. Albrecht, F.E., Xu, J., Moe, O.W., Hopfer, U., Simonds, W.F., Orlowski, J., Jose,
P.A. (2000) Am. J. Physiol, 278:R1064-R1073.
 at H
auptbibliothek Universitaet Zuerich Irchel. Bereich Forschung, on February 8, 2010
w
w
w
.jbc.org
D
ow
nloaded from
 
 at H
auptbibliothek Universitaet Zuerich Irchel. Bereich Forschung, on February 8, 2010
w
w
w
.jbc.org
D
ow
nloaded from
 
 at H
auptbibliothek Universitaet Zuerich Irchel. Bereich Forschung, on February 8, 2010
w
w
w
.jbc.org
D
ow
nloaded from
 
 at H
auptbibliothek Universitaet Zuerich Irchel. Bereich Forschung, on February 8, 2010
w
w
w
.jbc.org
D
ow
nloaded from
 
 at H
auptbibliothek Universitaet Zuerich Irchel. Bereich Forschung, on February 8, 2010
w
w
w
.jbc.org
D
ow
nloaded from
 
 at H
auptbibliothek Universitaet Zuerich Irchel. Bereich Forschung, on February 8, 2010
w
w
w
.jbc.org
D
ow
nloaded from
 
 at H
auptbibliothek Universitaet Zuerich Irchel. Bereich Forschung, on February 8, 2010
w
w
w
.jbc.org
D
ow
nloaded from
 
 at H
auptbibliothek Universitaet Zuerich Irchel. Bereich Forschung, on February 8, 2010
w
w
w
.jbc.org
D
ow
nloaded from
 
 at H
auptbibliothek Universitaet Zuerich Irchel. Bereich Forschung, on February 8, 2010
w
w
w
.jbc.org
D
ow
nloaded from
 
 at H
auptbibliothek Universitaet Zuerich Irchel. Bereich Forschung, on February 8, 2010
w
w
w
.jbc.org
D
ow
nloaded from
 
 at H
auptbibliothek Universitaet Zuerich Irchel. Bereich Forschung, on February 8, 2010
w
w
w
.jbc.org
D
ow
nloaded from
 
 at H
auptbibliothek Universitaet Zuerich Irchel. Bereich Forschung, on February 8, 2010
w
w
w
.jbc.org
D
ow
nloaded from
 
 at H
auptbibliothek Universitaet Zuerich Irchel. Bereich Forschung, on February 8, 2010
w
w
w
.jbc.org
D
ow
nloaded from
 
